Abstract: Allomyces macrogynus produces zoosporangia that discharge uninucleate zoospores after cleavage of multinucleate cytoplasm. Cleavage of cytoplasm within the oligonucleate zoosporangia of A. macrogynus was visualized by constructing threedimensional models based on electron micrographs and confocal images. In oligonucleate zoosporangia, three adjacent nuclei can form three cleavage planes with a line of intersection of the planes. The position and boundary of the cleavage planes are thought to be determined by the relative positions of the nuclei. The establishment of three cleavage planes by cleavage membranes occurred sequentially, and the nuclear axis connecting the centers of two nuclei affected the development of cleavage membranes on each cleavage plane. In multinucleate zoosporangia, groups of three neighboring nuclei near the cell cortex may initiate the sequential establishment of cleavage planes and then may interact with the nuclei further from the cortex until the interactions of nuclei are propagated to the central region of the cytoplasm.
INTRODUCTION
Zoosporic fungi produce zoospores as asexual spores that are released after the segmentation of cytoplasm within the zoosporangia (Alexopoulos 1962, Fuller and Jaworski 1987) . Cleavage of cytoplasm within the zoosporangia had been studied by numerous microscopy authorities (Barron and Hill 1974, Hyde et al. 1991a ) and the use of cryofixation and freeze substitution in electron microscopy has resulted in improved preservation of cleavage membranes and renewed interests on the cytokinesis of the zoosporangium (Hyde et al. 1991b ). The cleavage of cytoplasm within the zoosporangia of Allomyces macrogynus, a member of true zoospore fungi (James et al. 2006) , has been studied intensively, and these studies helped to elucidate the basic patterns of cleavage membrane development and the roles of cytoskeletons on cytokinesis (Lowry and Roberson 1997 , Lowry et al. 1998 , Fisher et al. 2000 , Lowry et al. 2004 , Ji et al. 2010 .
It is well known that the fungal septation is highly similar to the cytokinesis of typical animal cells and employs the contractile actin rings that are involved in the symmetric centripetal ingression of cleavage membranes (Walther and Wendland 2003) . A study on the cytokinesis of the binucleate zoosporangia of A. macrogynus (Ji et al. 2010) , however, suggested that the cleavage membranes on the cleavage plane ingress asymmetrically from the plasma membrane but the segmentation of cytoplasm is completed by the fusion of cleavage membranes with the plasma membrane. Also, the positions of the two nuclei seemed to affect the development of cleavage membranes on the cleavage plane as well as the position of the cleavage plane. The asymmetrical development of cleavage membranes and the influence of the nuclear positions on the development of cleavage membranes in binucleate zoosporangia may reflect the basic patterns of the multiple cleavage of cytoplasm within the multinucleate zoosporangium. This study was initiated to examine the role of the nuclear positions on the asymmetric development of cleavage membranes during multiple cleavage of cytoplasm.
As a simple system to investigate the multiple cleavage of cytoplasm and thus the development of multiple cleavage planes within the zoosporangium, oligonucleate zoosporangia containing more than two nuclei were examined in this study. Simplified three-dimensional (3-D) models based on electron micrographs and live-cell confocal images were constructed to examine the distribution of cleavage membranes within the zoosporangia.
MATERIALS AND METHODS
Culture conditions and induction of oligonucleate zoosporangia.-Conditions for the culture and induction of zoosporangia of A. macrogynus (strain Burma 3-35 of Emerson) were described by Ji et al. (2010) . Zoospores were incubated in PYG broth 2.5-4 h at 33 C, and the resulting thalli were washed with and maintained under sterile dilute salts solution (DS) (Machlis 1953) for 2 h at 33 C. These thalli again were shifted to PYG broth at 39 C and incubated 2-4 h. Cleavage of cytoplasm was induced after another shift from PYG at 39 C to DS at 33 C. Inhibitors (5 mg/mL nocodazole (Sigma, St Louis, Missouri), 5 mg/mL cytochalasin D (Sigma), were added to DS at 33 C after shift from PYG at 39 C.
Electron microscopy and construction of the 3-D models based on electron micrographs.-Zoosporangia were cryofixed and freeze-substituted as described by Cho and Fuller (1988) , and the electron micrographs were taken for all the serial sections (200 nm thick) from each zoosporangium with a transmission electron microscope (Hitachi H-7100) at 100 kV. 3-D models were constructed from electron micrographs as described by Ji et al. (2010) .
Confocal microscopy.-The thalli were stained with fluorescent dye FM 4-64 (Molecular Probes, Eugene, Oregon) to visualize the developing cleavage membranes (Fisher et al. 2000) . Zoospores and the resulting zoosporangia were incubated within the confocal dishes (dish with a cover glass at the bottom, SPL, Seoul, Korea), and the dishes were placed within an incubation chamber on a confocal microscope (LSM 510 META, Zeiss) after shift from PYG at 39 C to DS at 33 C containing FM 4-64 (1 mg/mL) and observed with a Plan-Apo 1003/1.4 objective using HeNe543 laser by obtaining 0.44 mm optical sections. 3-D views were constructed with the confocal images by Imaris software 5.0 (Bitplane, St Paul, Minnesota).
RESULTS
In zoosporangia stained with FM 4-64, cytoplasm cleavage was completed about 30-40 min after induction (FIG. 1A-D) . 3-D models based on electron micrographs of the zoosporangia showed two or three cleavage planes within the trinucleate zoosporangia (FIG. 1E, F) . For the explicit description of the position of nuclei relative to the position of the cleavage plane, we can define the cylindrical space in which the line connecting the center of two nuclei becomes the axis of the cylinder and the nuclear radius becomes the radius of the cylinder. In the following description of the 3-D models, this space may be called the regions surrounding the nuclear axis or simply as nuclear axis.
Development of zoosporangia with two separate cleavage planes.-Confocal microscopy of the narrow rodshaped zoosporangia showed the development of two cleavage planes, each of which was bounded by plasma membranes (FIG. 2A-H) . Distribution of cleavage membranes within the two putative cleavage planes indicated highly dynamic and irregular expansion of such membranes (FIG. 2A-H , bottom) similar to the development of such membranes within the binucleate zoosporangia (Ji et al. 2010) .
3-D models indicated that these zoosporangia had three nuclei in a row and formed two cleavage planes, each of which was roughly perpendicular to and frequently in the midpoint of the nuclear axis connecting the centers of two nuclei ( However, significant differences were recognized in the distribution of cleavage membranes on the two cleavage planes, especially within the regions surrounding the nuclear axis (FIG. 2I-P, bottom, zone of overlapped nuclei). In one of the two cleavage planes, cleavage membranes always were observed near the nuclear axis. But in the other cleavage plane cleavage membranes were not observed near the nuclear axis until the area occupied by the cleavage membranes In all 3-D models based on electron micrographs, each component of the models was indicated by different shapes and colors: globular objects, nuclei; cylinder, flagella; light blue, plasma membrane; green, cleavage membrane. Variations in color were due to the differences in the angle of view. These models are not at the same magnification and it was not possible to indicate the size of the models due to the graphical limitations.
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MYCOLOGIA was roughly more than half of the total area of the plane. These consistent differences in the distribution of cleavage membranes on the two planes suggest the intimate association of the development of two planes.
Development of the ovoid zoosporangia with three cleavage planes.-Confocal microscopy allows simple generalizations on the development of cleavage planes within an ovoid zoosporangium ( (FIG. 4E, F) putative cleavage planes were found in electron microscopy. In all models, each cleavage plane was roughly perpendicular to and frequently at the midpoint of the nuclear axis connecting the centers of two nuclei (FIG. 4 , supplementary videos of 4A, C, F). To examine the role of the nuclear positions on the development of cleavage planes, each model was rotated for the boundaries of two of the three nuclei to become overlapped (FIG. 4, 3rd, 4th, 5th columns) . Where the cleavage membranes accumulated near the cortex (FIG. 4A ) such membranes were not observed near the center of any overlapped nuclei or the nuclear axes. Where one or more putative cleavage planes could be identified, the distributions of cleavage membranes near the three nuclear axes were significantly different (FIG. 4B-F) . In one of the cleavage planes cleavage membranes always were observed near the nuclear axis (FIG. 4B-F, 3rd column). Cleavage membranes were observed near the second nuclear axis only when the area of that cleavage plane occupied with the cleavage membrane was roughly more than half of the estimated area of the completed plane (FIG. 4B-F, 4th column) . Similar to the development of second cleavage plane, such membranes were not observed near the third nuclear axis until the area of the third plane occupied with the cleavage membranes was roughly more than half of the estimated area of the completed plane (FIG. 4B-F, 5th column). These observations may suggest that the cleavage planes are sequentially established through the sequential penetration of cleavage membranes into the regions of the three nuclear axes.
Development of zoosporangia with more than three cleavage planes.-Distribution of cleavage membranes near the three nuclear axes of the three adjacent nuclei were examined in zoosporangia containing more than three nuclei. 3-D models based on reconstructions of serial sections (FIG. 5, 1st column, supplementary video of 5B) were divided into segments containing only three nuclei (FIG. 5, 2nd column) , and each segment was rotated until the boundaries of two of the three nuclei overlapped (FIG. 5, 3rd, 4th, 5th columns) .
Cleavage membranes always were observed near the first nuclear axis (FIG. 5, 3rd column) and accumulated near the second and third nuclear axes when the area of the cleavage plane occupied with the cleavage membrane was roughly more than half of the estimated area of the completed plane (FIG. 5,  4th , 5th columns). Consistent patterns in the distribution of cleavage membranes near the three nuclear axes, both in ovoid trinucleate and oligonucle- 372 MYCOLOGIA ate zoosporangia, may suggest that the cytoplasmic cleavage of the typical multinucleate zoosporangia also is based on the interaction of neighboring three nuclei.
Effects of the cytoskeleton inhibitors.-When the zoosporangia were treated with the microtubule inhibitor nocodazole at 0-30 min and fixed at 35-45 min after induction, the lengths of flagella within the zoosporangia were roughly proportional to the time of treatment with nocodazole (FIG. 6A-E , supplementary video of 6C). In some of the zoosporangia treated with nocodazole at 0-30 min and fixed at 35 min after induction, cleavage membranes were not observed near all possible nuclear axes even when significant amounts of cleavage membranes had accumulated at the cortex (FIG. 6A) or in a single planar surface (FIG. 6B, C) . In all the zoosporangia treated with nocodazole at 0-30 min and fixed at 40-45 min after induction, the number of putative cleavage planes established was not sufficient for the complete segmentation of cytoplasm into uninucleate segments (FIG. 6D, E) . When the zoosporangia were treated with actin inhibitor cytochalasin D at 0-20 min and fixed at about 40 min after induction, cleavage membranes were observed only at the cortical region of the cytoplasm (FIG. 6F) . Zoosporangia also were treated with cytochalasin D at 30-36 min after induction and fixed at 5 min after treatment with cytochalasin D to examine the effect of cytochalasin D on the established putative cleavage planes. In addition to the zoosporangia that segmented normally, some of these zoosporangia (FIG. 6G, H , video file of 6G in supplementary material) developed cleavage membranes near the nuclear axis in only one of the cleavage planes (FIG. 6G, H; 3rd, 4th, 5th columns) . Time of fixation (35-41 min) for these zoosporangia suggests that cytochalasin D may cause the redistribution or dissipation of the cleavage membranes in the cleavage planes.
DISCUSSION
Determination of the position of the cleavage plane.-In many eukaryotic cells, the position of the division plane or cleavage plane is determined by the premitotic structures such as the preprophase band in plants (Damme 2009 ), premitotic nucleus in fission yeast (Rincon and Paoletti 2012) and the anaphase spindle in animal cells (Green et al. 2012 ). In the case of zoosporangia of A. macrogynus, nuclear degenerations (Cho et al. 1999 ) and significant nuclear movements (Lowry et al. 1998 ) are observed during zoosporogenesis and each nucleus is surrounded by several cleavage planes after cytoplasmic cleavage. These observations suggest that the cleavage planes are determined by postmitotic structures during cytoplasmic cleavage of A. macrogynus.
In fission yeasts and animal cells, signals from the premitotic structures specify a narrow zone of the cell cortex for contractile ring assembly (Feierbach and Chang 2001, Fededa and Gerlich 2012) . In multinucleate zoosporangia of A. macrogynus, however, interaction of nuclei with the cell cortex may not be critical for cleavage-plane positioning because many cleavage planes are bounded by other planes instead of plasma membranes and some of the nuclei are surrounded by other nuclei instead of cell cortex. 3-D models of the oligonucleate zoosporangia showed that the position of the cleavage plane was roughly FIG. 5 . 3-D models of oligonucleate zoosporangia. The first column shows the perspective views of the models. In the second column models were divided into segments containing three nuclei. These segments were rotated until the areas of two of the three nuclei overlapped (3rd, 4th, 5th columns). Time fixed after induction for each zoosporangium: A 5 30 min, B 5 35 min.
374 MYCOLOGIA perpendicular to the nuclear axis, suggesting the importance of the positions of two nuclei in the determination of the position of the cleavage plane.
Determination of the boundary of the cleavage plane.-In dichotomous divisions of the typical eukaryotic cells, the boundary of the division plane is defined by the plasma membrane. In multinucleate zoosporangia of A. macrogynus, each nucleus is surrounded by several cleavage planes and each cleavage plane is bounded by several lines of intersection with other cleavage planes after cytoplasmic cleavage. Because the single line of intersection is always formed between the three cleavage planes in oligonucleate (this study) and normal multinucleate zoosporangia (Fisher et al. 2000) , each line of intersection is supposed to be determined by the interaction of neighboring three nuclei.
Our studies showed that the position of the cleavage plane was roughly perpendicular to and frequently at the midpoint of the nuclear axis connecting the two nuclei. In geometry, a perpendicular bisector of a side of a triangle is a straight line passing through the midpoint of the side and being perpendicular to it. The three perpendicular bisectors always meet in a single point, the triangle's circumcenter (FIG. 7A) . This point is the center of the circumcircle, passing through all three vertices. In an ovoid trinucleate zoosporangium, a triangle drawn with the centers of each nucleus being the vertices may have a circumcenter that is equidistant from the centers of all three nuclei (FIG. 7B) . If the perpendicular bisectors are replaced with planes perpendicular to the nuclear axis, the circumcenter becomes the line of intersection. In conclusion, geometrical derivation suggests that all points of the line of intersection between the three cleavage planes become equidistant from the centers of all three nuclei and thus the positions of nuclei are critical in the determination of the line of intersection or the boundary of the cleavage plane.
Development of cleavage membranes on the cleavage planes.-Studies on the zoosporangia of A. macrogynus clearly indicated that the cleavage membranes developed from the plasma membranes (Fisher et al. 2000 , Ji et al. 2010 . This study on the oligonucleate zoosporangia also reported the origin of cleavage membranes from the plasma membrane. However, only a small portion of the plasma membranes surrounding the putative cleavage planes was involved in the generation of cleavage membranes and thus the extension of cleavage membranes along the putative cleavage planes was highly asymmetrical.
Seemingly irregular extension of cleavage membranes along the cleavage planes seemed to be affected by the nuclear axes. During the development of a single cleavage plane within a binucleate zoosporangium, ingression of cleavage membranes into the region of the nuclear axis was delayed until the cleavage membranes occupied more than half of the area of the entire cleavage plane (Ji et al. 2010) . During the development of two separate cleavage planes, or three cleavage planes within a zoosporangium, ingression of cleavage membranes into the region of the nuclear axis was severely delayed in one of the two or in two of the three cleavage planes respectively. This delayed ingression of cleavage membranes into the region of the nuclear axis might reflect the active roles of the nuclear axes on the development of cleavage membranes. In animal cells, intracellular bridges packed with tightly bundled microtubules are formed after the completion of ingression and delay the cleavage of cytoplasm (Green et al. 2012) . However, structures similar to the intracellular bridges of animal cells have not been observed in A. macrogynus or in other fungal systems.
Penetration of cleavage membranes into the area of the nuclear axis was observed after the cleavage membranes occupied more than half of the area of the entire plane, both in binucleate and oligonucleate zoosporangia. Therefore, some portion of the cortical regions of the cleavage plane remained unoccupied even after the nuclear axis was occupied with cleavage membranes and thus the cleavage of cytoplasm seemed to be completed by the fusion of cleavage membranes with some portion of plasma membranes.
Confocal microscopy of the binucleate and trinucleate zoosporangia showed that the final positions of the cleavage planes were fixed only at the time the cytoplasmic cleavage was almost completed. Completion of the cytoplasmic cleavage by the fusion of the cleavage membranes with the plasma membranes might have evolved to cope with the delayed settlement of the position of the cleavage planes. Development of cleavage membranes along the cleavage plane in A. macrogynus might be achieved through the shift from centripetal ingression to centrifugal extension.
Sequential establishment of cleavage planes.-Changes in the distribution of cleavage membranes on the three putative cleavage planes during the development of the ovoid trinucleate zoosporangia were simple. Amorphous masses of cleavage membranes accumulated at the cell cortex moved into the single planar space. The majority of the cleavage membranes then were found in two planar spaces and finally in three planes. The observations that the 376 MYCOLOGIA development of cleavage membranes on the second and third cleavage planes occurred after the penetration of the cleavage membranes into the region of the first and second nuclear axes also suggest the active role of the nuclear axes on the sequential establishment of cleavage planes. The establishment of each cleavage plane may depend on the interaction of three nuclei and each nucleus might interact with other two nuclei through the nuclear axes. Studies of the oligonucleate zoosporangia suggest that the sequential establishment of three cleavage planes observed in the trinucleate zoosporangia may operate in a group of neighboring three nuclei in multinucleate zoosporangia as well as in oligonucleate zoosporangia. In normal multinucleate zoosporangia of A. macrogynus, it was clearly shown that the cleavage membranes initially develop and extend in the regions near the cortex (Fisher et al. 2000) . This observation may suggest that the groups of three nuclei near the cortex initiate the sequential establishment of cleavage planes and then interact with the nuclei further from the cortex until the interactions of neighboring three nuclei are propagated to the central region of the cytoplasm.
Cytoskeletons and the nuclear axes.-Roles of the cytoskeletons during zoosporogenesis have been studied intensively in Phytophthora cinnamomi (Hyde and Hardham 1992, 1993) and A. macrogynus (Lowry et al. 1998 (Lowry et al. , 2004 . In both fungi, disruption of microtubules by microtubule inhibitors resulted in the irregular distribution of nuclei within the zoosporangia and slightly abnormal cleavage of cytoplasm during zoosporogenesis. Nuclear migration was suppressed and the cleavage membranes remained in the cortical regions of the zoosporangia treated with cytochalasin D (Lowry et al. 1998 (Lowry et al. , 2004 . All these observations agree with the hypothesis that the positions of nuclei are critical for the determination of the positions of the cleavage plane and the development of cleavage membranes.
This study suggests a new role of cytoskeletons associated with the nuclear axes. In oligonucleate zoosporangia treated with nocodazole, cleavage membranes were excluded from many nuclear axes even after significant accumulation of cleavage membranes within the zoosporangia and the line of intersection between the three cleavage planes was not observed after cytoplasmic cleavage. These observations suggest that the microtubules are needed for the penetration of cleavage membranes into the region of the nuclear axis. Delayed penetration of cleavage membranes into the nuclear axis of the first cleavage plane might have resulted in the failure of the construction of the second and third cleavage planes.
When trinucleate zoosporangia were treated with cytochalasin D after the line of intersection between the cleavage planes was established, cytochalasin D seemed to retract the developing cleavage membranes to the cortex and disrupt the cleavage planes. Regression of the cleavage membranes by cytochalasin D might suggest the involvement of actin structures for the asymmetric development of the cleavage membranes on the cleavage plane. Microtubules radiating from the nuclear surface (Lowry et al. 1998 ) and actin structures on each cleavage plane might cooperate at the nuclear axis to induce the penetration of cleavage membranes into the region of nuclear axes similar to the phragmoplasts of the plants (Otegui et al. 2005) .
This study suggests the active roles of nuclear axes during development of cleavage membranes and cleavage planes. Actomyosin complexes at the nuclear axes or the proteins shuttling between the nuclei could be the key regulators of the cytoplasmic cleavage. Well preserved, high resolution images around the nuclear axis and the identification of the proteins localized at the nuclear axis would be needed to understand the nature of nuclear axes and the nuclear interactions. Visualization of actin filaments within the zoosporangia would be especially critical for understanding the overall processes of the cytoplasmic cleavage.
